Real-time in situ mass spectrometry has been applied to poly-Si rapid thermal chemical vapor deposition ͑RTCVD͒ ͑from SiH 4 ) on thermally grown SiO 2 as a way to determine film thickness at the end of the process and to infer dynamic deposition rate during the process for run-to-run and real-time control applications. Monitoring process ambient at 5 Torr is achieved using two-stage differential pumping of a sampling aperture in the exhaust stream, and a rapid response time (ϳ1 s for a ϳ30 s process cycle͒ allows for real time sensing of reactant input, product generation, and reactant depletion. Active mass spectrometric sampling of the reaction by-product ͑H 2 generated by SiH 4 decomposition͒ provides a monitor of the total reaction/deposition rate during poly-Si RTCVD in the range 550-850°C. Product generation as a function of temperature is readily distinguished from reactant cracking fragments by spectral analysis. A well-defined monotonic correlation between the time-integrated H 2 ϩ product signal and the poly-Si film thickness, determined ex situ by single-point interferometry ͑Nanometrics͒, demonstrates that the integrated mass spectrometric signal can provide real-time thickness metrology. In addition, the time-dependence of product and reactant signals provides a real-time indication of detailed equipment behavior during the process.
I. INTRODUCTION
The goals for rapid thermal processing ͑RTP͒, as described in the National Technology Roadmap for Semiconductors, 1 include wafer temperature measurements within Ϯ5% error ͑at 3) required for thermal thin films in 0.25 m technology. To meet this expectation, recent development of processes such as rapid thermal chemical vapor deposition ͑RTCVD͒ has focused on accurate wafer temperature measurement and across-wafer temperature uniformity. 2 However, Si CVD from SiH 4 , like all RTCVD processes, involves a thermally activated chemical reaction. At lower process temperature, the reaction is kinetically rate-limited by H 2 desorption. At higher temperature, deposition rate is mass-transport limited by SiH 4 arrival. However, if the availability of reactant is sufficient, operating in the intermediate regime is preferable so that neither pathway dominates completely, resulting in higher deposition rates while maintaining film quality. A high degree of absolute temperature accuracy ͑2-4°C͒ is required for thickness reproducibility and control since the reaction rate, R, is still thermally activated. Temperature accuracy, dT, relates to thickness control, dR/R, by the following:
The term k B T 2 /⌬Ϸ 40 for Tϭ700°C and ⌬ ϭ 2 eV ͑where, k B ϭBoltzmann's constant and ⌬ ϭ activation energy͒. If one could measure reaction rate directly for a typical process (Ϫ700°C, 10 Torr͒, a 5%-10% variation in reaction rate measurement (dR/R) would be equivalent to a 2-4°C variation in temperature measurement (dT). In this article, we describe the use of an in situ sensor for dynamic rate metrology with an accuracy of Ϯ15% during poly-Si RTCVD from SiH 4 over a broad range of film thicknesses ͑400-8000 Å͒. This was achieved by measuring the reaction product ͑H 2 ) directly with a two-stage differentially pumped mass spectrometer having a response time of ϳ1 s. A monotonic correlation between the time-integrated H 2 ϩ reaction product signal and the poly-Si film thickness ͑mea-sured ex situ͒ was demonstrated to be virtually independent of wafer temperature and deposition time.
We have previously reported the use of mass spectrometry as a diagnostic tool during RTCVD. 3 Others have used quadrupole mass spectrometry ͑QMS͒ in the 10 Ϫ3 -10 Ϫ2 Torr pressure range ͑dominated by molecular flow͒ during epitaxial Si CVD, 4 SiO 2 electron cyclotron resonance ͑ECR͒ CVD 5 and sputtering processes. 6, 7 More recently, processes in the range 500 mTorr-40 Torr ͑viscous flow͒ were investigated using differentially pumped mass spectrometry, including tungsten CVD 8 and silicon nitride PECVD 9 ͑plasma enhanced CVD͒, the latter including initial results for implementation of closed-loop process control.
II. EXPERIMENT
Process and equipment diagnostics experiments using QMS were carried out in a single-wafer RTCVD module to monitor poly-Si deposition from 10% SiH 4 /Ar. The RTCVD reactor is load-locked, automated using the MacPal program, 10 and part of a three-module cluster tool for 4 in. wafers as described elsewhere. 11 In this reactor, a total pressure of 5 Torr 10% SiH 4 /Ar ͑300 sccm͒ and a sustained wafer temperature of 650°C for 35 s produces a poly-Si film thickness of ϳ1200 Å at a deposition rate of approximately 34 Å /s.
Throughout the poly-Si deposition process, the gaseous components were monitored downstream using a 1 mm gas sampling aperture in the exhaust/pumping stream of the reactor as an input to a two-stage differentially pumped mass spectrometer system. This sensor configuration provides for active sampling in the viscous flow regime ͑5 Torr͒ by pressure reduction to the molecular flow regime (ϳ50 mTorr͒ in the first pumping stage and further reduction to р5 ϫ 10 
III. RESULTS AND DISCUSSION
The ionization fragmentation pattern of 10% SiH 4 /Ar consists of several peaks of amu/charge ratios at 2 ͑H 2
ϩ ͒, and 40 ͑Ar ϩ ͒. As deposition of poly-Si occurs, the relative abundance of amu 2 increases and the relative abundances of amu's 14, 28, 29, 30, 31, and 32 decrease, corresponding to an increase in the reaction product, H 2 , and a decrease in reactant, SiH 4 . Ideally, two molecules of H 2 are produced during deposition for every molecule of SiH 4 consumed at the wafer surface, as described by the following reaction equation:
The poly-Si RTCVD process sequence 3 is summarized as follows. First, the 10% SiH 4 /Ar reactant is flowed into the reactor chamber until the nominal process pressure is reached ͑with wafer rotation͒, after which a regulatory pressure controller maintains constant total pressure by adjusting a throttle valve above the pump. Then heating is initiated and controlled via a feedback control loop using a single wavelength infrared pyrometer. The process temperature and pressure are maintained for preprogrammed lengths of time, after which the process is quenched by simultaneous reactor evacuation and wafer cooling.
Using mass spectrometry to monitor ambient flowing through the exhaust of the reactor during deposition provides a means for real-time sensing of equipment, process and wafer state ͑dynamic reaction rate͒ and for run-to-run metrology of film thickness. The first is achieved by monitoring changes in partial pressures of gas components as they evolve in time, and the second is accomplished by integrating the reaction by-product signal throughout the process cycle time. These uses for mass spectrometry during RTCVD are described below.
A. Equipment and process state sensing
The time-dependent mass spectrometric signals plotted in Fig. 1 show the response of the mass spectrometer during poly-Si RTCVD to changes in reactant, SiH 4 , and reaction product, H 2 , concentrations ͑represented by the SiH 2 ϩ and H 2 ϩ trends, respectively͒, and to changes in reactant carrier gas ͑Ar ϩ ) pressure. If the conductance of gas is not altered during the deposition time, i.e., there is no variation in either the flow of reactant via the mass flow controller or the pumping speed in the exhaust, then the abundance of amu's 20 ͑Ar Torr have occurred as programmed. These changes suggest that the mass flow controller, the throttle valve above the exhaust, the capacitance manometer, and the pressure control feedback loop connecting the pressure gauge and the throttle valve are all operating properly. Second, the initial detection of H 2 ϩ , the rapid increase in H 2 ϩ relative abundance and the sustained detection of the reaction product for a total period of ϳ70 s indicate that ͑a͒ the power to the lamps turned on just after the process pressure was reached, ͑b͒ the single wavelength pyrometer detected emissivity of the heated wafer within a reasonable range, initiating the temperature control loop between the pyrometer and the lamp power supply, and ͑c͒ the control loop maintained the process temperature for the programmed length of time. Third, quenching of the process was achieved at the end of the programmed process time, seen by the precipitous decline in reactant and reaction product signal at tϷ 130 s. This rapid reduction in mass spectrometric signal indicates that the mass flow controller was set to zero flow rate and the throttle valve above the reactor mechanical pump was opened fully. A considerably lower rate of evacuation has been observed as a slow decline in the mass spectrometric signal when either the throttle valve was held constant in a constricted position or the reactant source gas flow was allowed to continue at the end of processing.
B. Dynamic reaction rate sensing
In addition to equipment function, the trends shown in Fig. 1 provide a means for inferring wafer state. Based on the relatively simple chemical reaction resulting in poly-Si CVD from SiH 4 ͓Eq. ͑1͔͒, both the dynamic reaction rate at the wafer surface and the resulting film thickness can be inferred by monitoring either reactant depletion ͑SiH 2 ϩ ͒ or reaction product evolution ͑H 2 ϩ ͒. At higher wafer temperatures (Ͼ650°C,͒ 13 the depletion of SiH 4 during poly-Si deposition ͑e.g., ϳ50-130 s, Fig. 1͒ can be followed by monitoring one of the more abundant SiH 4 ionization fragments ͑SiH 3 ϩ or SiH 2 ϩ ͒. More clearly detected, and therefore more readily measureable, is the evolution of H 2 as it desorbs as a neutral molecule from the wafer surface during poly-Si deposition and is then ionized in the mass spectrometer to form H 2 ϩ . The time-dependent H 2 ϩ signal shown in Fig. 2 provides a dynamic representation of reaction rate at the wafer surface. Figure 2 is a plot of two trends of H 2 ϩ signal monitored during poly-Si deposition ͑650°C, 35 s, 5 Torr 10% SiH 4 /Ar, 300 sccm͒ before and after readjustment of the pyrometry-based temperature control system. Before readjustment, a temperature overshoot of ϳ50°C was observed during the 650°C deposition by direct read-out display of the pyrometery-based temperature measurement. A corre-FIG. 2. Dynamic reaction rate metrology using mass spectrometry by monitoring reaction product ͑H 2 ) as SiH 4 decomposition rate increases with increasing wafer temperature. The data also show real-time diagnostics of equipment function as recorded before and after the pyrometry-based control system was readjusted. The data were normalized for comparison. sponding increase in reaction rate is clearly seen in Fig. 2 by the variations in H 2 ϩ signal, providing a real-time in situ monitor for time-dependent wafer state in addition to equipment function.
C. Film thickness metrology
While time-dependent mass spectrometric sampling provides a means to monitor dynamic variations in wafer state, time-integrated mass spectrometry data provide a method for estimating run-to-run film thickness. Since the H 2 production and the SiH 4 depletion directly result from poly-Si deposition, either the integrated relative abundance of H 2 ϩ produced or SiH 2 ϩ ͑or SiH 3 ϩ ͒ depleted should relate directly to the amount of poly-Si deposited. Furthermore, the correlation between integrated H 2 ϩ signal and deposited poly-Si film thickness should be virtually independent of time/ temperature variations. For example, if poly-Si is either deposited during a process run exhibiting an ideal temperature profile, or a shorter or longer run riddled with temperature oscillations, and the resulting films are of equivalent thickness, the time-integrated H 2 ϩ mass spectrometric signal should be equivalent. To test this correlation, a broad range of process cycle times ͑15-90 s͒ and wafer temperatures ͑600-850°C͒ were used to deposit poly-Si films by RTP. The deposition runs were randomly sequenced to minimize reactor memory effects and are graphically shown in Fig. 3 . The H 2 ϩ mass spectrometric signal was monitored, and the values were integrated as a function of time throughout each deposition cycle. Poly-Si was deposited onto 1000 Å thermal oxide films previously formed on 24 four inch Si wafers to enable ex situ thickness measurements using single-point interferometry ͑Nanometrics͒. Poly-Si thickness was measured at five points on each wafer, as schematically shown in Fig.  3 -the center ͑N1͒ and four points forming the corners of a square equidistant from the center to the wafer edge ͑N2-N5͒. Figure 4 is a plot of the integrated in situ H 2 ϩ mass spectrometric signal versus average ex situ film thickness measurements. As shown in Fig. 4 , this relationship is monotonic. Although not perfectly linear over the range of this experiment, the correlation between H 2 production and deposited film thickness is nearly linear in the range of interest for device fabrication, Ͻ2000 Å. The nonlinearities at higher deposition thicknesses may be due to a variety of influences, including mass spectrometer manifold configuration and Nanometrics measurement precision. Therefore, further studies are warranted to optimize the accuracy of this technique ͑Ϯ15% in this study͒ for run-to-run process control. Irrespective of nonlinearity subtleties, the results shown in Fig. 4 provide a basis for using mass spectrometry for in situ wafer state metrology and could be extended toward the goal of process control. We believe this is the first use of mass spectrometry for in situ wafer-state metrology.
IV. SUMMARY
In summary, active mass spectrometric sampling of the reaction byproduct ͑H 2 generated by SiH 4 decomposition͒ provides a monitor of total reaction/deposition rate during poly-Si RTCVD in the range 550-850°C. The average thicknesses of poly-Si films deposited on thermally grown SiO 2 , determined ex situ by single-point interferometry, correlate with time-integrated H 2 product generation rates during the deposition process, and this monotonic relationship is virtually independent of process recipe and control system response details. The time dependence of product and reactant signals provides a real-time diagnostic of detailed equipment behavior during the process. These results indicate that downstream mass spectrometric sampling is a noninvasive and nondestructive technique for dynamic rate and film thickness metrology, equipment fault detection and classification, and provides a basis for effective process control. This response time is shorter than previously reported ͑Ref. 3͒ and is considered accurate based on the more careful method of measurement described here. Longer response times can be observed dependent on MS data collection settings, e.g., larger amu ranges require longer scan times and low signal levels require increased gain settings which increase scan times.
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Detection of H2 desorption during 550-650°C RTCVD of poly-Si from SiH 4 has been demonstrated ͑Ref. 3͒, but depletion of SiH 4 is not sufficient at р650°C for in situ diagnostics using mass spectrometry.
